Objectives To relate cancer since entry into the Framingham Heart Study with the risk of incident Alzheimer's disease and to estimate the risk of incident cancer among participants with and without Alzheimer's disease.
Introduction
Limited data suggest that cancer survivors have a decreased risk of Alzheimer's disease and that people with Alzheimer's disease have lower rates of cancer. 1-6 Evidence of an inverse relation between Parkinson's disease and most cancers is now convincing. [7] [8] [9] [10] [11] [12] [13] A link between cancer and neurodegeneration is plausible as they share several genes and biological pathways, including inappropriate activation and deregulation of the cell cycle. [14] [15] [16] [17] [18] [19] [20] [21] [22] Signaling along these pathways results in opposite end points: in the case of cancer, uncontrolled cell proliferation, and in the case of neurodegeneration, apoptotic cell death. Proteins such as p53, a major regulator of apoptosis, and Pin1, which has a dual role in cell cycle control and protein folding, play a key part in the pathophysiology of both Alzheimer's disease and cancer. 15 A better understanding of the biological links between these two families of diseases is already opening new therapeutic horizons.
In one population based cohort study, people with prevalent cancer had a 43% lower risk of ever developing Alzheimer's disease, and those with prevalent Alzheimer's disease had a 69% lower risk of being admitted to hospital for cancer. 4 Although these results are intriguing, establishing a relation between age related diseases is complex, and several issues must be dealt with before concluding that this represents a true association. 23 Because severe cognitive impairment leads to decreased screening and reporting of cancer symptoms, 24 25 it is difficult to know to what extent lower cancer rates in people with Alzheimer's disease are caused by decreased incidence or under-diagnosis. For this reason, assessing the incidence of Alzheimer's disease among cancer survivors who are cognitively intact at baseline is the preferable analysis. Here the major challenge is the problem of selective mortality, since cancer survivors may have a lower risk of Alzheimer's disease simply because they are more likely to die before they can develop it. Available studies have not sufficiently tackled the problems of selective mortality. Additional limitations of previous analyses are the exclusion from analysis of incident cancers that develop after baseline but before Alzheimer's disease and reliance on self report or medical record systems to identify cancer. We investigated the relation between cancer and Alzheimer's disease using data from the Framingham Heart Study, a prospective cohort with frequent examinations of participants, prospective validation of both Alzheimer's disease and cancer, and over 50 years of follow-up.
Methods
The Framingham Heart Study is a longitudinal community based cohort study of cardiovascular risk factors that started in 1948 in Framingham, Massachusetts, United States. The original cohort comprised 5209 participants (2336 men and 2873 women) aged 28-62 at the first examination. In 1971, children of the original cohort and their spouses were recruited to form the offspring cohort (5214 participants). Participants have undergone direct evaluations, including a medical history, physical examination, and laboratory testing every two years in the original cohort and about every four years in the offspring cohort. The study design and entry criteria for both cohorts have been described in detail elsewhere. 26 Participants of the original cohort aged 65 and older who were free of dementia and attended examination cycle 20 (1986-90) comprise the sample for our primary investigation (n=1278). We followed these participants for incident dementia for a mean of 10 years. The nested case-control study comprised participants from both the original and the offspring cohorts (n=1485). All participants gave written informed consent.
Ascertainment of cancer cases
We identified possible cancer cases in the Framingham study at routine examinations or, if participants did not attend an examination, by postal surveys or telephone interviews for updates on health history. Cases were also identified through surveillance of admissions to the local Framingham hospital and from death records. Once a case was identified, we confirmed the diagnosis from the patient's medical records, including pathology reports. Two independent people reviewed the medical records. Most cancers were confirmed by pathology reports, and fewer than 3.4% of diagnoses were based solely on death certificates or clinical diagnoses. 27 We coded primary cancers using the World Health Organization ICD-O (international classification of diseases) classification. For this analysis we did not include non-malignant neoplasms and non-melanoma skin cancers in the definition of cancer.
Ascertainment of dementia cases
Since examination cycle 14 in the original cohort and examination 2 in the offspring cohort, a dementia-free cohort of 7809 participants has been under continuous surveillance for the development of dementia and Alzheimer's disease. The Folstein mini-mental state examination 28 was administered at regular cycle examinations, and participants who scored below an education based cut-off point or had a 3 point decrement in their score from a preceding examination (or 5 point decrement overall) were referred for more indepth testing. Participants also underwent an indepth evaluation if they or someone in their family reported symptoms of memory loss or were referred by a Framingham study physician or staff member for evaluation of neurological symptoms. A panel of at least one neurologist and one neuropsychologist determined cases of dementia, dates of diagnosis, and subtypes using data, where available, from the neurologist's examination, neuropsychological test performance, Framingham study records, hospital records, information from primary care physicians, interviews with the families, computed tomography and magnetic resonance imaging records, and confirmation of autopsy findings. Dementia was required to be present for at least six months of follow-up before the diagnosis was confirmed. All participants identified as having dementia had at least mild severity by the clinical dementia rating score of 1 or more. Cases of Alzheimer's disease met the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association criteria for possible and probable Alzheimer's disease. 29 We classified dementia as any dementia (met the criteria for any dementia, including Alzheimer's disease), possible Alzheimer's disease (met the clinical criteria for Alzheimer's disease but with an atypical course or evidence of a second process contributing to the dementia), and probable Alzheimer's disease (met the criteria for Alzheimer's disease without evidence of another process contributing to the dementia).
Assessment of covariates
From the baseline visit (examination 20) we obtained data on personal characteristics (age, sex, and education) and laboratory test results (homocysteine levels and apolipoprotein E genotype). We collected information on cancer risk factors (tobacco use and body mass index) at baseline and updated this periodically throughout the study. For the case-control study, we used the covariates closest to the matching date.
Statistical analyses Prospective cohort study
Participants contributed up to 22 years of follow-up from the baseline examination to the development of dementia, death, or the last evaluation. We used Cox proportional hazard models to determine the hazard ratio and 95% confidence intervals for the risk of any dementia, any Alzheimer's disease (possible or probable), and probable Alzheimer's disease in those with and without a history of verified cancer. The cancer history variable was updated to include cases of incident cancer that occurred during follow-up after baseline. We carried out separate analyses for participants with any cancer (excluding non-melanoma skin cancer), smoking related cancers (oral, pharynx, larynx, oesophagus, stomach, pancreas, lung, cervix, bladder, and kidney) 30 , and non-smoking related cancers. The primary models were adjusted for age, sex, and smoking. We then repeated the analysis in a smaller subset of patients with data on other risk factors for Alzheimer's disease: apolipoprotein E4 status, educational level, and plasma homocysteine level. [30] [31] [32] To explore whether the relation between cancer and Alzheimer's disease might be mainly due to selective mortality, we first restricted the analysis to participants who survived at least to age 80. If the association was predominantly due to the death of cancer survivors, then it should be diminished when these patients were excluded. We then investigated the relation between history of cancer at examination 20 (baseline) and a different neurological outcome-namely, the subsequent risk of incident stroke. If a decreased risk of cancer in patients with Alzheimer's disease was primarily due to their increased mortality rate, then they would be expected to have a lower rate of stroke as well.
Nested case-control study
To evaluate the relation between dementia and subsequent cancer, we matched each dementia case with up to three controls of the same age and sex who were free of dementia at the time of dementia diagnosis of the case (index date). Both cases and reference participants were free of cancer as of the index date. Participants who eventually developed dementia were considered potential controls up to five years before their data of dementia diagnosis (to avoid subclinical dementia in controls). We used Cox models to determine the hazard of incident cancer in dementia cases compared with the reference participants. Models were adjusted for tobacco use and body mass index. Data on covariates was taken from the examination closest to the index date. We calculated the cumulative incidence of cancer in those with and without Alzheimer's disease adjusted for age, sex, body mass index, and smoking.
Results
At examination 20 (baseline), 1278 participants (38.8% men) aged 65 or older had normal cognitive status. The mean age among cancer survivors (n=176) was 77 years and among those with no history of cancer (n=1102) was 76 years (table 1⇓) . Educational level, positivity for apolipoprotein E4, and homocysteine level did not differ substantially between those with and without cancer. Overall, 323 cases of dementia were diagnosed over a mean of 10 years of follow-up. Of these, 221 (86%) met the criteria for probable Alzheimer's disease and 36 for possible Alzheimer's disease (18 had Alzheimer's disease with stroke and 18 had both Alzheimer's disease and vascular dementia). Of the 66 patients with non-Alzheimer's disease, 24 had Lewy body dementia, 15 had vascular dementia, two had frontotemporal dementia, and 25 were classified as having "other" dementia.
Cancer history and risk of Alzheimer's disease
At baseline 176 participants had a history of cancer, and during follow-up an additional 247 people were diagnosed as having incident cancer but before the diagnosis of Alzheimer's disease. Cancers at baseline were more likely to be screening related and non-smoking related than incident cancers (table 2⇓) . Cancers with high lethality such as those of the lung, pancreas, and brain were much more common among incident cancers. Cancer survivors had a substantially lower risk of probable Alzheimer's disease (hazard ratio 0.67, 95% confidence interval 0.47 to 0.97), adjusted for age, sex, and smoking (table 3⇓), but the lower risks of any Alzheimer's disease (0.81) and any dementia (0.83) did not reach statistical significance. The risk of probable Alzheimer's disease was lower among survivors of smoking related cancers (0.26, 0.08 to 0.82) than among those with non-smoking related cancers (0.82, 0.57 to 1.19). Further adjustment for education, apolipoprotein E4 genotype, and homocysteine level gave slightly higher risk estimates, but the loss of statistical significance was possibly due to limited power in this smaller subset (table 3) . Limiting the analysis to participants who survived at least to age 80 did not change the inverse association between cancer history and probable Alzheimer's disease (0.68, 0.47 to 0.99, table 4⇓). In contrast with their substantially lower risk of Alzheimer's disease, survivors of smoking related cancer had an increased risk of incident stroke (2.18, 1.29 to 3.68), which was also seen among those who survived to age 80 (2.25, 1.29 to 3.95).
Incident Alzheimer's disease and risk of cancer
Overall, 495 cases of any dementia, 49 of possible Alzheimer's disease, and 327 of probable Alzheimer's disease were prospectively identified. Up to three dementia-free controls were matched to each case. Overall, 41 cases (8%) and 211 controls (14%) developed incident cancer. Table 5⇓ shows the frequency of individual cancer types by case-control status. In total, 6.9% (n=102) of controls were diagnosed as having screening related cancer compared with 3.4% (n=17) of cases. In the age matched group, the risk of subsequent cancer was substantially decreased for those with any dementia (0.44, 0.32 to 0.61), any Alzheimer's disease (0.45, 0.24 to 0.84), and probable Alzheimer's disease (0.39, 0.26 to 0.58, table 6⇓). When adjusted for smoking and body mass index, the decreased risk of cancer remained statistically significant and became even lower. Over the follow-up period, 57 controls (17%) developed probable Alzheimer's disease.
Discussion
In this prospective cohort study, cancer survivors had a 33% decreased risk of developing probable Alzheimer's disease compared with people without cancer. The "protective effect" of previous cancer was greater for smoking related cancers than for non-smoking related cancers. The inverse association did not change when participants who died were excluded, and was not seen when stroke was used as an alternative outcome, suggesting it was not simply an artefact of decreased survival in patients with cancer. In the case-control analysis, patients with probable Alzheimer's disease had a 61% decreased risk of incident cancer. When all dementias were included, the risk became slightly higher. Patients with dementia were less likely to develop screening related cancers than those without dementia, suggesting that at least some of the decreased risk is because of under-diagnosis.
Strengths and limitations of the study
Our analysis has several important strengths. We prospectively defined cancer and Alzheimer's disease in the Framingham Heart Study over its more than 50 years of follow-up, so that our cases represent incident disease. Nearly all malignancies in the population were captured. We updated our cancer variable to include the many incident cases that occurred after baseline, during follow-up. This strengthened the negative association between cancer and Alzheimer's disease (data not shown), and suggests that analyses that do not include incident cancer may underestimate the association. Finally, we carried out two specific analyses to tackle the critical problem of survival bias.
Several limitations should also be considered. Firstly, our cohort, by definition, did not include people who died of cancer before study baseline. It is unknown whether people who died of cancer before the age of 65 would have had the same risk as those of survivors. As in any longitudinal study, participants with long follow-up represent a select population, and this should be kept in mind when interpreting our results. Even complex techniques used for missing data are not able to fully correct for this selection bias. 33 However, the inverse association observed in this study was not primarily due to survival bias, at least during follow-up. We did not have the power to look at the relation between Alzheimer's disease and individual cancer types, or to compare the relation between cancer and other types of dementia. Cohorts in which both Alzheimer's disease and cancer are carefully defined are by definition not of the size required for such analyses. We were unable to stratify our results by race, as the participants in our study were mainly white. Some cases of vascular dementia were present in those who met the criteria for possible Alzheimer's disease, but, if anything, this would have biased our results towards the null. Finally, owing to the relatively small numbers of patients with cancer in our analysis, we were not able to stratify analyses by whether patients had or had not received treatment for cancer.
Comparison with previous studies
Our findings are similar to those of the only two available prospective studies. In a longitudinal memory cohort of 594 patients, those with prevalent cancer at baseline seemed to develop Alzheimer's disease at a lower rate (hazard ratio 0.40, 95% confidence interval 0.12 to 1.13) than those with no history of cancer. 3 In an analysis of the cognition cohort of the Cardiovascular Health Study (n=3020), a history of cancer at baseline conferred a lower risk of probable Alzheimer's disease (hazard ratio 0.57, 95% confidence interval 0.36 to 0.90). 4 Similar to their results, we found that the inverse relation became stronger as we excluded non-Alzheimer's and mixed dementias. Our risk estimates for incidence of cancer among those with and without Alzheimer's disease were essentially the same as that of Roe and colleague's study (0.39, 0.21 to 0.74). 3 The inverse relation decreased only slightly when we included all other dementias, and it was clear in our cohort that patients with dementia had fewer screening related cancers. This suggests that under-diagnosis in people with cognitive impairment explains at least part of the decreased incidence of cancer in patients with Alzheimer's disease. However, it is unlikely to explain all of it. Two studies found a substantially decreased prevalence of cancer on autopsy among patients with Alzheimer's disease compared with age matched controls without dementia. 1 5 In their second study, Roe and colleagues found that admission to hospital for cancer was low among patients with Alzheimer's disease (hazard ratio 0.31, 0.12 to 0.86) but not in those with vascular dementia. Finally, in a unique study of 2222 Japanese survivors of the atomic bomb, people with clinically diagnosed Alzheimer's disease had a 70% decreased risk of previous cancer compared with age matched participants without dementia, whereas those with vascular dementia had a fourfold increased risk of cancer. Clearly it will never be possible to completely adjust for reporting and diagnostic bias in elderly patients with dementia, but together these findings suggest a specific inverse relation between cancer and Alzheimer's disease.
We found that survivors of smoking related cancer had a substantially lower risk of Alzheimer's disease than survivors of non-smoking related cancer-a pattern similar to that seen in Parkinson's disease. In a recent meta-analysis of 107 598 patients with Parkinson's disease, the aggregate relative risk was 0.73 (95% confidence interval 0.63 to 0.83) for any cancer, 0.61 (0.58 to 0.65) for smoking related cancers, and 0.80 (0.77 to 0.84) for non-smoking related cancers. 7 A lower rate of smoking related cancers might be expected in patients with Parkinson's disease owing to its well established negative association with smoking, 34 but, in the case of Alzheimer's disease, the association with smoking was strongly positive. 35 In our analysis, higher mortality among those with smoking related cancer did not explain the lower risk of Alzheimer's disease. Perhaps characteristics that allow someone to survive a smoking related cancer are particularly protective against neurodegeneration. That Alzheimer's disease and Parkinson's disease are associated with the same unusual pattern for cancer suggests the presence of as yet uncovered biological connections between neurodegeneration and carcinogenesis.
Biological plausibility
Although cancer survivors may have some protection from neurodegenerative diseases, the more hopeful significance of these findings will come from the underlying biology that explains this relation. 14 16 A genetic propensity against apoptosis might protect people from cancer while increasing their risk of neurodegeneration, as seen in some polymorphisms of the tumour suppressor gene p53. 36 A specific link between Alzheimer's disease and cancer is the protein Pin1, a unique enzyme that plays a part in protein folding as well as cell cycle control. 15 17 37 38 Many tumours in humans over-express Pin1, 39 whereas its function is low in the brain tissue of people with Alzheimer's disease. [39] [40] [41] [42] As Pin1 is necessary for cell division, its inhibition causes regression of tumours, 43 whereas in mouse models of Alzheimer's disease its upregulation in postnatal neurons reverses neurodegeneration. 44 Moreover, Pin1 promoter single nucleotide polymorphisms that inhibit Pin1 expression are associated with an increased risk of Alzheimer's disease 45 but a decreased risk of cancer. 46 Drugs that can modulate Pin1 are being sought as novel therapeutic agents.
An interesting unanswered question is whether treatment for cancer modulates the risk of Alzheimer's disease. In theory, chemotherapy might protect neurons susceptible to Alzheimer's disease by suppressing inflammation 47 or blocking entry into the cell cycle, 48 both key steps in the pathway of neurodegeneration. However, to our knowledge there is no epidemiological evidence linking chemotherapy to a decreased risk of Alzheimer's disease. On the other hand, cognitive impairment is a well described complication of chemotherapy and has been associated with long term changes in brain structure and function in animal models. 49 Survivors of breast cancer who received adjuvant chemotherapy were more likely to develop dementia in one study 50 but not in another. 51 Cranial irradiation is clearly associated with neuronal damage and loss, not neuroprotection. 52 Thus, although we did not account for cancer therapy in our analysis, available evidence suggests that, if anything, it would have biased our results towards the null.
Conclusions and future work
The results of our analysis support the possibility of a true inverse relation between cancer and Alzheimer's disease. This study is, however, only exploratory and further work is needed to establish better the link between these two groups of diseases. Further insights will possibly be gained from analyses in large clinical and administrative databases with the power to look at the relation between Alzheimer's disease and individual types of cancer. The potential impact of cancer treatment on risk of Alzheimer's disease is another interesting area for future work. Presently there are few curative treatments for cancer and not even one disease modifying drug for Alzheimer's disease. Our data suggest that vulnerability to cancer may actually protect against neurodegeneration, and vice versa. A further understanding of the basis for this inverse relation may lead to Contributors: JAD, AB, KPL, and DPK conceived and designed the study. BEK, GLS, and PAW acquired the data. JAD, AB, RA, and SS analysed and interpreted the data. JAD drafted the manuscript. AB, RA, BEK, GLS, TK, DPK, KPL, SS, and PAW critically revised the manuscript. AB carried out the statistical analysis. JAD and PAW obtained the funding. RA, BEK, GLS, TK, DPK, KPL, SS, and PAW supervised the study. JAD and AB had full access to all the data in the study. JAD takes responsibility for the integrity of the data and the accuracy of the data analysis and is guarantor.
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What is already known on this topic
Parkinson's disease is associated with a decreased risk of most cancers, and growing evidence suggests that cancer and neurodegenerative diseases share genes and biological pathways 
